Postexercise arm-to-leg blood pressure gradients were measured in 31 patients to determine the effectiveness of two surgical techniques for treating coarctation of the aorta. The arm-to-leg postexercise mean systolic blood pressure gradient was 29 mm Hg lower in 13 patients treated with Dacron patch angioplasty than in 18 patients whose coarctation was resected (p < 0.01). Some patients with high postexercise gradients after coarctation resection had a reduced proximal aortic lumen by angiography. The results of this study indicate that Dacron patch angioplasty is the method of choice for effectively reducing postexercise systolic pressure gradients in patients with coarctation and hypoplasia of the aortic isthmus.
SELECTION of the surgical method for treating coarctation of the aorta requires documentation of the results from the techniques considered using the most sensitive clinical methods available. The adequacy of the various operations for coarctation have generally been determined clinically by comparing resting arm and leg blood pressures. More recent observations indicate postexercise blood pressure comparisons may be a more sensitive test of residual aortic obstruction. ' The object of this study was to determine the effectiveness of coarctation resection and patch aortoplasty in the relief of obstruction from coarctation using postexercise blood pressures.
Materials and Methods
The study group consisted of 31 patients who had undergone surgery for coarctation of the aorta. Seventeen were male and 14 were female, ranging in age from 3-24 years (mean 13.1 years) at the time of the postoperative exercise study. All patients were exercised to exhaustion on a motorized treadmill using the Bruce protocol.2 8 Blood pressure measurements were performed using cuffs for the upper and lower extremities that were chosen according to the following criteria: (1) 15-cm-wide extra-large cuff for a limb circumference of 32-38 cm; (2) 12.5-cm adult cuff for a limb circumference of 25-32 cm; (3) 10-cm child's cuff for a limb circumference of 19-25 cm; and (4) 7.5-cm toddlers' cuff for a limb circumference of less than 19 cm. Care was taken to ensure that the cuff bladder did not overlap and that it covered no more than twothirds of the arm or thigh. Nine patients without coarctation of the aorta served as controls using the same method.
Initial blood pressures were measured in both arms so as to eliminate any error from an aberrant sub-clavian artery or postoperative subclavian arterial obstruction. All blood pressure measurements were performed with the patient in a supine position. Readings were taken at rest and immediately after exercise. Postexercise blood pressures in the leg were determined before those in the arm so as to underestimate rather than overestimate any change in systolic gradient resulting from a decrease in heart rate during the measurement period. Patients with a postexercise arm-to-leg gradient of more than 35 mm Hg underwent cardiac catheterization (table 1, cases 1, 5, 6, 12 and 17), while most of those with lesser gradients were accepted for continued follow-up without restudy.
Preoperative angiograms were reviewed in all patients except for cases 6, 9 and 14 (table 1) , which were not available. The length and width of the aortic segments under study were measured using catheter width as a reference. The aortic isthmus segment (AIS), i.e., the area between the left subclavian artery (LSCA) and coarctation, was measured in this manner ( fig. 1 ). The area from the left common carotid (LCC) to the coarctation was used in case 3 (table 1), who had a left brachiocephalic artery. The area immediately proximal to the right innominate artery (RIA) was measured and designated the proximal aortic segment (PAS), while an area two rib spaces below the coarcted site was designated the distal aortic segment (DAS). The following formulas were used to calculate the proximal and distal aorticto-isthmus ratios: AIS (mm) _ IPA (isthmus-proximal aorta ratio) PAS (mm) AIS (mm) _ IDA (isthmus-distal aorta ratio).
DAS (mm)
The isthmus was designated hypoplastic when the IPA ratio was less than 0.6, the IDA ratio less than 0.7 or the AIS longer than 15 mm. This method was used to more objectively determine and report angiographic evidence of a hypoplastic aortic isthmus segment proximal to the coarctation.
Reports of tissue examinations were reviewed in 16 of the 31 cases to determine the types of anatomic and *Hypoplastic aortic segment longer than 15 mm. tD is the difference between the resting and postexercise arm-to-leg blood pressure gradients.
histologic abnormalities noted and to estimate the Results wall thickness in each case. In cases in which reports
The mean resting arm-to-leg systolic pressure were available for examination, the wall thickness gradient of 4.2 mm Hg in the 18 patients treated with varied from 1-3.5 mm.
end-to-end anastomosis rose to 36.1 mm Hg after ex- ercise (table 1). The mean resting gradient (-2.1 mm Hg) was lower in the 13 patients treated with angioplasty and increased to only 6.8 mm Hg after exercise (table 2). The mean resting and postexercise gradients in the nine control patients were -9.1 (-20 to -2) and -4.2 (-16 to 4), respectively (table 3) . These results are summarized in figure 2 . Both the resting and the postexercise gradients were significantly higher in the patients treated with end-to-end anastomosis when the individual D value rankings were compared using the Mann-Whitney U nonparametric test. The level of significance was similar when the t test was applied. However, the Mann-Whitney U test, which compares individual differences, i.e., D values, is more appropriate because it does not assume a normal distribution. The individual D values for the patch aortoplasty patients were lower than the individual D values for the 18 patients with end-to-end anastomosis at a 0.01 level of significance (table 4). While the mean and median D values for females with patch aortoplasty were considerably lower than for those with end-to-end anastomosis, the difference was not significant, probably because of an inadequate number of cases (table 4) were analyzed by parameters of sex and time between surgery and study, the mean and median D values were considerably lower for patch aortoplasty than for end-to-end anastomosis. The mean D value for the six males with patch aortoplasty was lower than that for the 11 males with end-to-end anastomosis (p = 0.05). There were no significant differences between the results of the five surgeons who operated on these patients.
In the review of the angiograms, patients whose aortic isthmus-to-proximal aortic (IPA) ratio was greater than 0.6 and those whose isthmus-to-distal aortic (IDA) ratio was greater than 0.7 were unlikely to have critical hypoplasia of the aortic isthmus. In addition the length of the aortic coarctation was restricted to the obstruction site itself, which was generally less than 15 mm long.
The converse held true for those patients whose aortic isthmus-to-proximal aorta (IPA) ratio was less than 0.60 and whose aortic isthmus-to-distal aortic (IDA) ratio was less than 0.70. In this group, the aortic isthmus fell into the hypoplastic category and the area of obstruction included not only the coarctation site but also a proximal hypoplastic aortic isthmus segment that was longer than 15 mm.
Patients with an aortic hypoplastic segment longer than 15 mm by preoperative angiography are identified in tables 1 and 2. Cases 1, 5 and 17 were identified either at surgery or during a postoperative angiographic review as having a hypoplastic segment more than 15 mm long. 
Discussion
Certain patients treated by end-to-end anastomosis had nearly as good a clinical result as many of those treated by patch aortoplasty. This is consistent with previously reported patients with typical diaphragmatic adult-type coarctation ( fig. 1 ) who achieved 55% of predicted adult aortic diameter by 6 years of age and benefited optimally from end-to-end anastomosis.7 However, another group of patients, exemplified by cases 1, 5, 6, 12 and 17 (table 2), has a reduced internal aortic diameter proximal to the coarcted segment and has been reported to have residual hypertension either induced or aggravated by exercise." 81-5 They have the same basic abnormal physiologic problems but differ anatomically. Case 2 (table 1) is such a patient in whom the angiogram (fig.  3 ) demonstrated a small aortic lumen; however, at sur-TABLE 4. Leuels of Significance of Differences by Mann-Whitney Ut and t Tests gery there were similar external aortic dimensions proximal and distal to the coarctation. The internal diameter of the aorta was reduced because of medial thickening of the muscularis and intimal thickening due to fibrotic proliferation with deposition of basophilic material between collagenous fibers, as has been previously reported.' 6 17 The other cause for persistent obstruction has been aortic hypoplasia in which there was a generalized underdevelopment of the aorta proximal to the coarctation (fig. 4) .
The patients in this study who achieved the best results were older than age 5 years at operation, had an aortic segment proximal to the coarctation with a diameter greater than 70% of the ascending aorta; and had a coarcted segment of 10 mm or less. These data suggest that patch aortoplasty is preferable for patients with a small proximal aortic lumen alone or (table 1) . For abbreviations, see figure 1. in association with a left subclavian artery that is either aberrant or obstructed from previous surgery; older patients in whom reoperation for persistent obstruction is required; for patients in which the coarcted segment is greater than 15 mm long; and for patients whose aortic segment proximal to the coarctation is less than 60% of the diameter of the ascending aorta.
We have confirmed that exercise augments the systolic blood pressure gradient and is thus a more sensitive test for residual obstruction than are resting measurements. Four patients in whom the postexercise gradient was 35 mm Hg or greater have been catheterized; in the three cases in which there was surgically correctable obstruction and satisfactory collateral circulation, reoperation has been performed. One patient without adequate collateral circulation (case 12, table 1) is being followed.
These observations emphasize the importance of preoperative aortography in the selection of the procedure for treatment of the coarctation of the aorta. The long-term results of patch angioplasty are not available, so the long-term complications of this procedure are not known. We use a left subclavian flap in the very young patient with severe coarctation of the aorta.18 However, because of the young age of these patients, we have not been able to evaluate the (table 2) , with a long hypoplastic aortic segment. For abbreviations, see figure 1. results of this procedure. Future studies similar to the present study will form the basis for future recommendations in this group of patients. A NONINVASIVE procedure for diagnosis and quantitation of right-to-left intracardiac shunts could aid the differentiation of pulmonary and cardiac causes of cyanosis in the neonate and provide objective documentation of change in shunt size in older children with cyanotic heart disease. Indicatordilution curves obtained with i.v. injection and arterial sampling of dye permit right-to-left shunt quantitation,' but the arterial puncture and blood withdrawal required entail some risk in young children and cannot be routinely performed on an outpatient basis. The radionuclide techniques previously advocated for measurement of right-to-left intracardiac shunts have required either arterial sampling2 or i.v. injection of labeled particles.3 Radionuclide angiocardiography is becoming widely used in children to measure left-toright intracardiac shunts' and to assess left ventricular function." Images obtained from the movement of the tracer bolus through the heart have been used to depict right-to-left shunts,' 7 but no technique for shunt quantitation has been devised. The purpose of this investigation was to develop a technique for processing radionuclide angiocardiographic data to accurately measure right-to-left intracardiac shunts.
Methods

Study Design
Twenty children with a congenital heart disorder associated with an atrial or ventricular septal defect (ASD and VSD) underwent cardiac catheterization and radionuclide angiocardiography. The children were 6-61 months of age (mean 30 ± 18 months). Thirteen were boys and seven girls. The clinical CI RCULATION 572
